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We demonstrate holographic recording in a new photopolymer system. The recording material is created by
copolymerization of an optically inert monomer, methyl methacrylate, and a second monomer that is optically
sensitive. On exposure of the recording material to light, a portion of the optically sensitive component
detaches from the polymer matrix and causes hologram amplif ication through diffusion of the free molecules.
We measured postrecording grating amplif ications as high as 170% by this process. The recorded holograms
are persistent at room temperature under continuous illumination at the recording wavelength.  2000 Optical
Society of America
OCIS codes: 090.2900, 160.5470, 210.4810, 350.5130.Photopolymer materials are promising candidates for
holographic data storage.1 – 3 One such photopoly-
mer that has been investigated in the past is
phenanthrenequinone-doped poly(methyl methacry-
late).4 – 7 In this system, when the dopant chro-
mophore phenanthrenequinone (PQ) is illuminated it
undergoes a chemical reaction that causes it to attach
to the host poly(methyl methacrylate) (PMMA) matrix.
When the material is illuminated with an interference
pattern, two gratings are formed. The first consists of
PQ molecules that are attached to the polymer matrix,
and the second consists of unattached PQ molecules.
Subsequent baking of the material causes an accel-
eration in the diffusion rate of the unattached PQ
molecules, which causes an overall amplif ication of the
resulting diffraction efficiency. In this new material
system, chromophores are initially attached to the
polymer chains. This attachment is accomplished by
synthesis of a monomer containing a photosensitive
side chain that exhibits the desired photochemical
properties and copolymerizing it with a monomer
that forms a known high-optical-quality material,
such as PMMA. On illumination of the material,
the attached chromophores undergo a photochemical
reaction, causing them to detach from the polymer
backbone. When the material is illuminated with an
interference pattern, a grating composed of two com-
ponents, attached and detached chromophores, results,
as in the case of the PQ-doped system. Heating of
the material causes an amplif ication of the grating
strength through diffusion of the detached molecules.
Figure 1 shows the material that we synthesized
and the process of detaching the chromophore from
a polymer chain. The optically active component,
shown in Fig. 1(a), is the synthesized monomer
N , N 0-dimethyl-N-(3-methyl-1, 4-naphthoquinonyl-2)-
N 0-acryloyl-hexamethylenediamine. This monomer is
based on the chromophore 1, 4-naphthoquinone (NQ)0146-9592/00/090607-03$15.00/0[left-hand side of Fig. 1(a)], attached by an alkyl chain
(center) to the right-hand section, which can take
part in copolymerization with methyl methacrylate.
Copolymerizing the synthesized monomers with the
monomer methyl methacrylate forms a mostly PMMA-
based material. The copolymer structure is shown in
Fig. 1(b), illustrating the process occurring when the
chromophore is present as a side chain in the polymer.
Fig. 1. (a) Synthesized monomer form of the NQ chro-
mophore. (b) Copolymer of the NQ chromophore with
methyl methacrylate and the photochemical reaction that
causes detachment from the polymer chain. 2000 Optical Society of America
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undergoes a transformation first to a metastable state
before it is transformed into its final stable form.8 A
portion of the chromophore detaches from the polymer
and is free to diffuse as discussed above.
A basic holographic recording system was used to
test the material. The system consisted of two 514-nm
recording beams, each incident at a 20± angle (in
air) from the material’s surface normal. A Bragg-
matched 633-nm probe beam was used to read out
the holograms. The intensity of each recording beam
was 20 mWcm2. The absorption spectrum of this
material, with a chromophore concentration of 0.1%
by weight and thickness of 0.5 mm (see Fig. 2), shows
little to no absorption at the 633-nm probe wavelength
and significant absorption at 514-nm, owing to the
added chromophore.
Samples were prepared with chromophore concen-
trations of 0.05%, 0.1%, 0.2%, and 0.4% by weight.
Eleven holograms were recorded in each sample, at dif-
ferent locations, with exposure energies varying from
0.04 to 1.6 Jcm2. Each recorded hologram was then
measured after the sample was baked for 11 days
at 75 ±C. Figure 3 contains a plot of the measured
diffraction eff iciencies before and after baking of a
0.1% by weight, 0.6-mm-thick sample. As expected,
the recorded holograms were amplified after bak-
ing, supporting the assumption of hologram record-
ing and amplification through the optical detachment
of chromophore side chains and subsequent diffusion.
The eventual decrease in hologram strength with in-
creasing exposure energy is an expected behavior of
saturable recording materials, which do not exhibit
signif icant diffusion at room temperature.6
So far, materials have been prepared with a chro-
mophore concentration as high as 0.4% by weight.
The total index modulation to be expected should
increase roughly linearly with increased chromophore
concentration. In PQ-doped PMMA the dynamic
range is limited by the maximum doping level of the
PQ chromophores. A maximum concentration of 0.7%
by weight has been achieved,6 resulting in M#  4.8
for a 3-mm-thick sample. The concentration is lim-
ited by the solubility of PQ. The approach that we
present in this Letter can in principle support a higher
concentration of the active chromophore. However,
for higher-concentration material we must switch to a
longer recording wavelength and redesign the attached
chromophore so that the absorption is reduced without
sacrificing sensitivity. With current absorption lev-
els, at 514 nm, even 0.4% concentrations are too high,
which limits our ability to record thick holograms. As
a result, the overall diffraction eff iciencies are reduced
and the angular selectivity is broadened. Figure 4 is
a comparison of the angle-selectivity curves, measured
at 633 nm, obtained for a hologram recorded at 514 nm
in a sample with a chromophore concentration of 0.05%
and a sample with a chromophore concentration of
0.4%, with the same thickness. We normalized and
centered the selectivity curves to facilitate comparison.
It is easy to see well-defined nulls for the 0.05% sample.
However, the selectivity curve for the 0.4% sample
does not have nulls and is also broader, indicating thatthe hologram is not recorded throughout the volume of
the material but rather varies in strength through-
out the thickness of the material.
The grating strength of the hologram recorded
with optimal exposure energy is plotted in Fig. 5 for
samples with four different NQ concentrations. A
linear increase in grating strength with concentration
Fig. 2. Absorption spectrum for a 0.5-mm-thick sample
with a chromophore concentration of 0.1% by weight.
Fig. 3. Diffraction efficiency versus exposure energy for
11 holograms recorded in a 0.6-mm-thick sample with a
chromophore concentration of 0.1% by weight, before and
after baking.
Fig. 4. Angle-selectivity measurements of holograms re-
corded in materials with 0.05% and 0.4% chromophore
concentrations.
May 1, 2000 / Vol. 25, No. 9 / OPTICS LETTERS 609Fig. 5. Dependence of the maximum diffraction efficiency
and amplification of the recorded holograms in the NQ
methyl methacrylate copolymer, after 11 days of baking,
on the chromophore concentration. The samples were
0.5 mm thick.
Fig. 6. Decay in hologram strength with exposure to illu-
mination after recording and thermal amplification owing
to the detachment of the remaining attached chromophores.
is observed. Also plotted in Fig. 5 is the average am-
plif ication of the grating strengths of the 11 holograms
in each sample after 11 days of baking at 75 ±C as
a function of chromophore concentration. Ampli-
fications of 50–170% were realized. One possibleexplanation for the increase with concentration is that
for higher concentrations the grating is not uniform
throughout the volume of the material, resulting in
detached chromophore diffusion in directions normal
to the grating vector rather than strictly parallel to it,
as would be the case with a uniform modulation depth.
Figure 6 shows the diffraction eff iciency as a
function of exposure energy when a recorded holo-
gram is exposed to uniform illumination at 514 nm.
There is an initial drop in diffraction efficiency of
approximately 40% at 0.5 Jcm2. Subsequently, the
diffraction eff iciency remains unchanged, yielding
nondestructive readout. The initial decay is due
to the detachment of the remaining chromophores,
which causes an index change similar to the effect
that results in the observed diffraction efficiency
before baking. However, at room temperature the
nonuniformity of the detached chromophores remains
in place and gives persistent diffraction.
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